Abstract: Convenient methods for rapidly evaluating wound healing could help clinicians to select effective treatment measures for patients within an appropriate time frame. In this study, we explored the use of second-harmonic generation (SHG) combined with optical coherence tomography (OCT) to monitor the healing state of wounds, including the macromorphology and optical signal characteristics of regenerated tissue. Wounds were imaged and monitored using OCT and SHG on healing days 3, 5, 7, 14, 21, and 28. The accumulation and maturation of newly formed collagen during the healing process was detected using SHG in real time. Additionally, changes in the OCT signal and attenuation coefficient in wounds before and after trauma were measured using the single-scattering OCT model. The wound closure percentage, the SHG intensity of collagen, and the attenuation coefficient of the wounds were analyzed using correlation analysis, which produced correlation coefficients of R 1 2 = 0.944, R 2 2 = 0.9776, and R 3 2 = 0.9354, respectively. In theory, it is feasible to replace the wound closure percentage with the SHG intensity of collagen and the attenuation coefficient to evaluate wound healing. The OCT and SHG combination could be used to diagnose wound healing in real time.
Introduction
Wound repair is a key hot spot in surgical research [1] , [2] . This complex pathophysiological process can be divided into three stages, namely, the local inflammatory response stage, the cell proliferation and differentiation stage and the tissue reconstruction stage. Although different cell behaviours occur during the three different stages, they overlap with each other, constituting a complex and continuous biological response [3] - [6] .
In addition to the apparent morphology, H&E staining and Masson staining of paraffin sections of wounds are two other widely used observation methods for evaluating the effect of skin wound healing [7] , [8] . Using these observation methods, we can observe and understand the detailed structure of normal or abnormal pathological microstructures under a microscope. Histological images can show the integrity of the structure and parts of the wound healing, including thereepithelialization that occurs during dermal regeneration and the epidermal layer. Masson staining can also be used to identify collagen fibres and some fibrin that cannot be detected by H&E staining. As the wound healing time prolongs, more and more collagen accumulates, and the collagen richness in skin tissue can be observed using Masson staining. However, these two methods are analytical methods of immunohistochemistry; thus, some biological knowledge is required to understand and use these methods. The implementation of these two staining methods will strictly test the production technique of the operator. Improperly executed staining procedures can cause a poor dyeing effect. Moreover, time is relatively tight for the general situation of clinical disease and research, and the final conclusions from the disease inspection need to be reached as soon as possible. However, the cycle of histological staining is also long and cannot guarantee timely detection results. From this perspective, a rapid and effective analysis method is necessary to identify and study the structural characteristics.
In recent years, with the rapid development of biomedical imaging technology, some commonly used optical imaging methods have been applied for the detection of biological tissue, such as two-photon fluorescence imaging, X ray imaging technology, computed tomography (CT) imaging technology and optical coherence tomography. Second harmonic generation (SHG) is a promising method for the microscopic imaging of skin regeneration, which can visually show the morphology of newly formed collagen [9] - [13] . Moreover, OCT can be used to observe the process of skin wound healing in vivo and to obtain high-resolution images at various tissue depths, thereby realizing the real-time monitoring and fast imaging of tissue [14] - [19] . The change in the optical signal in skin samples can be detected by the OCT system when the samples are irradiated with the laser beam [20] , [21] . Additionally, the main process in wound repair is collagen remodelling and vascular regeneration during the healing process, and the accumulation of collagen in the wound site gradually changes the optical properties of healing tissue. In this study, we used SHG and OCT to monitor the changes in the light attenuation coefficient of wounds during the wound healing period, thus evaluating the progress of wound repair [18] . We observed the regeneration process of wound repair through the SHG and the optical signal changes in the wounds by OCT. The combination of two types of optical technology in our study can provide the basis for clinical trauma monitoring.
Experimental Details

Ethics Statement
All the experimental protocols were approved by South China Normal University. All the animal experiments conducted in this research were performed in accordance with the guidelines of South China Normal University Intramural Animal Use and Care Committee and met the NIH guidelines for the care and use of laboratory animals.
Animals
Eight-to ten-week-old male BALB/c mice were purchased from the Animal Experimental Center of Southern Medical University, Guangzhou, China. The mice were housed and maintained in a standard feeding environment and were provided with adequate diet and drinking water.
Establishment of the Perforated Skin Wound
The BALB/c male mice were anaesthetized by intraperitoneal injection with a solution of chloral hydrate. When the mice were completely anaesthetized, and the hair was removed [22] , a red circular mark with a diameter of approximately 7 mm was created using a punch in the middle of the dorsal part of the mice. The circular area was raised from the body with tweezers, and full-thickness skin was excised with scissors. Next, Comfeel transparent dressing was used to cover the wound.
Finally, the wound was bandaged with medical tape to complete the establishment of a mice model of trauma. Digital pictures of the wound were taken on different days (3, 5, 7, 14, 21 and 28 days) during the healing phase with a ruler as a measurement standard [23] . The same anaesthesia method was used to handle the mice on different healing days, and then the wound healing parts of the mice were taken for further analysis-for example, embedding in paraffin for H&E staining and Masson staining and SHG imaging. Additionally, other wound healing parts of the mice, which were anaesthetized, were not removed from the skin, and the wound healing was monitored using OCT imaging.
Histological Analysis
Wound tissue samples were harvested at different healing days (3, 5, 7, 14, 21 and 28 days) . These samples were then fixed in 10% formaldehyde at room temperature for at least 24 hours and were then embedded in paraffin. The paraffin sections were approximately 4 mm thick. They were processed by dewaxing and rehydration using a series of methods and were then stained with H&E for histological analysis [24] . To evaluate the fibre structure in the healing tissue, Masson staining was adopted [25] . Paraffin sections were first treated by dewaxing using a series of methods and were then rinsed with distilled water. The sections were then processed and dyed with haematoxylin for 5-10 minutes. After washing, the samples were processed with Masson Ponceau Fuchsin Acid Solution for 5-10 minutes. Next, 2% acetic acid, 1% phosphomolybdic acid aqueous solution, and aniline blue or light green liquid dye reagent were used to treat the sample sections. Finally, the sections were sealed with neutral gum. After the completion of staining, the histological images of the healed skin were obtained by ordinary optical microscopy. The nucleus was stained purple red, the structure of the muscle fibre, keratin and cellulose were stained red, and collagen was stained blue. The entire process was complex and time consuming.
SHG Imaging of the Wound Ex Vivo
Multiphoton microscopy has been widely used as a new microscopic imaging method for monitoring wound repair and regeneration [24] , [25] . Multiphoton imaging was based on optical emission signals of nonlinear optical effect produced by interactions of near infrared femtosecond laser and biological tissues, which carried internal information of biological composition and microstructure. TPEF and SHG were two well-known nonlinear optical phenomena that had been utilized in multiphoton microscopic imaging of tissues. TPEF and SHG relied on different nonlinear light-matter interaction mechanisms. TPEF was a fluorescence process in which fluorophores (molecues that fluoresce) were excited by simultaneous absorption of two photons, emitting one fluorescent photon. SHG, on the other hand, did not arise from the absorptive process, which generated from nonlinear second-order polarization of molecules induced by intense laser field, forming a coherent wave at exactly twice the incident frequency (half the wavelength). However, they could usually be taken together to generate combined images in a same optical microscopic imaging system. This nonlinear optical imaging method provided unique imaging characteristics, such as high image contrast, high spatial resolution, minimal invasion etc. The multi-photon microscopic imaging system in this study consisted of a commercial LSM 710 NLO confocal microscope (Zeiss, Jane, Germany) coupled with a femtosecond Ti: Sapphire laser (Chameleon Vision II, Coherent, Santa Clara, CA, USA), and a backward detection system (see Fig. 1 (a)). Ti: Sapphire laser offered a femtosecond pulse light with excitation wavelengths tunable from 680 nm to 1080 nm. Two high speed oscillating mirrors (XY Gavo Mirrors) pivoted on mutually perpendicuar axes were untilized to extend the confocal point sampling to generate an 2D specimen image field. The coordination of these two mirrors, one scanning along x-axis and the other on the y-axis, produced the rectilinear raster scan. Near infrared laser light was then focused by an objective on the sample. The sample was excited and emitted light, the signals. In biological tissues, TPEF and SHG were dominant. When went back through the DM, these backward signals were reflected by DM and entered into backward detection system, where light was collected by multiple PMTs and used to form images. The main component of the skin rebuilt dermal structure was collagen, which was the strong intrinsic SHG producer, therefore, this imaging system provided an ideal means for monitoring of collagen remodeling in the course of wound healing. After mice were anaesthetized with chloral hydrate, the repaired cutaneous wounds were disinfected with alcohol and dissected from the mice, which were flattened and placed on clean glass slides. These tissue samples were then imaged on the inner side with the dermis layer siding down and facing the excitation light. Images of collagen in dermal tissues were obtained under the excitation of 820 nm wavelength. The laser power was set at an effective value that could not only produce a strong SHG signal but also maintain the vitality of the biological sample. The SHG intensity was measured and analyzed by Image J software.
OCT System
The idea of OCT was to determine the structure of an internal section of the measured substance using low coherence interferometry. In our study, we used a portable spectral domain OCT system with a central wavelength of 1325 nm, and an in-depth and lateral resolution of 12 and 8.6 μm, respectively. Imaging depth range was 7 mm. Line rate is 76 kHz. The operation of the OCT scanner was completely automated and controlled by a portable personal computer. It could provide realtime 2D and 3D images of both excised samples and those inside living organisms. The reference light was reflected by a total reflection mirror, and the signal light based on the scattered generated interference signal was collected from the sample through the optical fibre coupler (see Fig. 1(b) ). Tomographic images and 3D structural images of the sample tissue could be obtained by combining horizontal scanning with vertical scanning. The data acquisition speed was very fast, making it very advantageous for establishing a real-time imaging system.
Imaging Procedure of the OCT System
The mice were subjected to anaesthesia for hair removal treatment at different healing times (3, 5, 7, 14, 21 and 28 days) [26] , [27] . During the initial stage of the experiment, OCT imaging was performed on the dorsocentral region of the exposed normal skin. The skin wounds with a diameter of 7 mm were divided into 4 areas. Ten points were scanned using OCT in the same area at days 3, 5, 7, 14, 21 and 28, and these images were then compared with the OCT images of normal skin. OCT was used to monitor the optical properties of tissues kept the same parameters and conditions throughout the experiments. The time for a single lateral scan was 1/15 of a second; thus, we chose to save one two-dimensional OCT image per minute.
Image and Data Analysis
First, we selected the flattest section of the surface area on two-dimensional OCT images. The selected areas of the two-dimensional OCT images were averaged to obtain a one-dimensional OCT data curve for each sample, thus converting the two-dimensional OCT image into a onedimensional OCT signal curve. The width of the selection was 1 mm, eliminating the influence of speckle noise. To explore the changes in the optical properties of the mice skin during the healing process, we determined the sample attenuation coefficient from the 2-D map of OCT at different healing times. The optical attenuation coefficient of the skin could be quantified by measuring the intensity and depth of the probe light. We performed the initial signal normalization and linear fitting and finally obtained the slope of the fitting curve. According to the Lambert-Beer law, the attenuation index of light transmission in the tissues follows the formula (1).
where I 0 was the optical power launched into the tissue sample, z indicated a tissue versus axial ranging distance or depth, I (z) indicated the remaining light intensity after passing through the depth of z. μ t was the total OCT attenuation coefficient of the tissue [28] . μ t = μ a + μ s , where μ a standed for the absorption coefficient and μ s standed for the scattering coefficient. Beer's law could be applied to calculate μ t as follows. The measured signal in OCT system was defined as:
where the i 2 (z) and i 2 0 represented photo detector heterodyne signal and mean square heterodyne signal, respectively. The OCT signal intensity was the measurement of optical backscattering or reflectance R (z) ∝ [i 2 (z)] 1/2 from a tissue versus axial ranging distance or depth, z. The reflectance depended on the optical properties of total tissue attenuation coefficient μ t . Thus, the reflected power could be approximately proportional to −μ t z in exponential scale according to the single scattering model:
where I 0 standed for the optical power launched into the tissue sample and a(z) was the reflectivity of the tissue sample at the depth of z. Therefore, the μ t could be obtained from the reflectance intensity measurements at two different depths, z 1 and z 2 . z = |z 1 −z 2 |.
For highly scattering media, when the scattering coefficient was much larger than the absorption coefficient, the attenuation coefficient could be approximately considered to be the scattering coefficient. Therefore, the attenuation coefficient (μ t ) extracted from the OCT image is equivalent to the scattering coefficient (μ s ), and the calculated OCT depth signal was only related to the optical scattering coefficient of the tissue (μ s ).
Statistical Analysis
The data were expressed as the mean and standard deviation (X±SD) of 5 independent experiments. The data were processed and analyzed by using the statistical software SPSS 16 with the t test. All tests were two-tailed. Also, one way ANOVA was applied to analyze the differences in wound closure percentage, SHG intensity, attenuation coefficient between reconstructed tissue in wound site and the normal tissue at different time points. We considered P < 0.05 to indicate a significant difference.
Results
Wound Repair Analysis
Circular (7 mm diameter), full-thickness skin wounds were cut from BALB/C mice after a series of anaesthesia, hair removal and labelling steps (see Fig. 2(a) ). Next, the wounds were covered with Comfeel transparent dressing. Finally, medical tape was used to wrap and protect the wound. The wound-closed area was measured at the wound site using a steel ruler at different healing times (see Fig. 2(b) ). H&E-stained images of the wound site were obtained at different healing times (see Fig. 2(b) ). As the healing time increased, the structure of the wound skin tissue became increasingly complete, especially during the later period (14, 21 and 28 days of healing); additionally, changes in the skin appendages, such as hair follicle regeneration and sweat gland structure, were observed. Furthermore, the skin structure was almost complete within 28 days and was closer to the normal skin histological structure. Masson staining method can be used as a traditional reference to obtain visual information concerning trauma at different stages of wound healing (see Fig. 2(b) ). This staining could show the histological structure of damaged skin, including not only the absence of the epidermis and dermis but also the existence and disappearance of thick calluses. On healing days 3, 5 and 7, scars existed at the wound site; these scars disappeared on day 14, and the complete structure of the epidermis formed afterward. On days 21, the accessory gland formed at the wound, which is thought to be one of the most important steps in the process of skin healing. The mice wound closure rates were analysed and calculated using Image J software (see Fig. 2(c) ). The wound closure percentages at 3, 5, 7, 14, 21 and 28 days were 17% ± 0.6%, 38% ± 0.9%, 56% ± 1.1%, 67% ± 1.5%, 78% ± 1.0% and 85% ± 0.7%, respectively. (a and b) .The error bar represents the SD (n = 5). * P < 0.05, * * P < 0.01, * * * P < 0.001. 
SHG Imaging of Healing Wounds Ex Vivo
The SHG intensity was obtained by setting up the signal threshold through function of Image J software to get rid of the background noise. SHG intensity was the average value calculated from pixel-by-pixel values within the whole imaging area. By SHG imaging, we can see that as the treatment time extended, more and more collagen fibres became closely intertwined. SHG signal also enhanced as the collagen content gradually increased (see Fig. 3(a) ). In the first few days, especially on days 3, 5 and 7, the collected SHG signals of the collagen at the wound site were weak, while the signal became very strong on day 28, although it is still visibly different from the signal of normal skin (see Fig. 3(b) and (c) ). However, the information from the SHG imaging of the wound site alone was limited and was not sufficient to clarify the status and process of wound healing. Thus, we need to obtain the optical signal to reveal the optical characteristics of the tissue at the wound site by OCT during the process of wound healing.
OCT Imaging of Normal Mice Skin
After anaesthesia and hair removal treatment, the mice were placed on the OCT platform. The schematic diagram of OCT was shown in Fig. 1(b) .The thickness of the epidermis was 100-150 μm. The dermis was the most highly vascularized and thickest layer (3-to 5-mm thick), and it contained sweat glands, hair follicles, nerve endings and other ancillary structures. 2-D OCT images of the normal skin were obtained. From the image, we observed the distribution of light in the tissue is uniform (see Fig. 4(a) ). A 3D image of normal skin tissue was shown in Fig. 4(b) . The 2-D OCT image was converted to an OCT signal, as shown in Fig. 4(c) . The signal curve represented the change in the OCT signal intensity at different depths. We selected the depth range of 400-600 μm as the region of interest from the OCT signal diagram.
Wound OCT Signals at Different Healing Times
In addition to the evaluations of the macromorphological changes using SHG and histopathological staining, the samples were analysed using OCT system, which provided a large amount of optical information (see Fig. 5(a)-(f) ) on healing days 3, 5, 7, 14, 21 and 28. As the healing time increased, the wound gradually closed and became smooth on the 28th day of healing. The 2-D OCT images showed regeneration of the epidermis structure on day 28; this regeneration was absent on day 3. On day 28, the 2-D OCT image showed that healing had been completed, and the image was (days 3, 5, 7, 14, 21 and 28) . The error bar represents the SD (n = 5). * P < 0.05, * * P < 0.01, * * * P < 0.001. similar to that of the normal skin (see Fig. 4(a) ). The epidermis was restored to a slightly curved state, and the light in the tissue was also restored to a uniform distribution. The 2-D OCT images of the normal skin and of the wound at each repair time point (3, 5, 7, 14, 21 and 18 days) were converted to a longitudinal 1-D OCT signal map, as shown in Fig. 5(g) . For signals measured at the same depth, the OCT signal of normal skin was the lowest, whereas the value was highest on days 3. During the healing process, the OCT signal value also gradually decreased until reaching a value similar to that of the normal skin on days 28. Fig. 6(a) showed the normalized OCT signal curve of the wound tissue at different healing times. The light attenuation coefficient shown in Fig. 6(b) was extracted from the OCT image of the skin before and after the trauma using the single scattering model for OCT. The average value of the attenuation coefficient of the wound, which was much greater than that of the normal skin (4.14 mm-1), gradually decreased to 7.17 ± 0.29 mm-1, 6.58 ± 0.33 mm-1 and 5.99 ± 0.26 mm-1 on healing days 3, 5 and 7, respectively, possibly because the reflectivity of the epidermal layer under the scab became large. The sample would be dehydrated, resulting in a larger scattering coefficient and light attenuation coefficient. On days 14, 21 and 28, the light attenuation coefficient became small because the skin scab fell off, and the wound site gradually began to recover. Additionally, the newly formed collagen fibres reorganized and rearranged. These changes eventually led to the reduced light attenuation coefficient. Notably, the light attenuation coefficient on days 28 was close to that of the normal skin.
Attenuation Coefficient of Wounds at Different Repair Times
Correlation Analysis of the Three Indices
The values of the wound closure percentage, SHG intensity of collagen and attenuation coefficient in the wounds at different healing times were shown in Fig. 7(a) . The changes in the three indices could be clearly observed directly from Fig. 7(a) . The linear correlations between the wound closure percentage and the SHG intensity of collagen, between the attenuation coefficient of the wounds and the wound closure percentage, and between the attenuation coefficient of the wounds and the SHG intensity of collagen were y1 = 0.0012 × 1 + 0.2547 (R 12 = 0.944), y2 = −0.0392 × 2 + 7.8653 (R 22 = 0.9776), y3 = −31.278 × 3 + 15.723 (R 32 = 0.9354), respectively (see Fig. 7(c) , (d) and (e)). Fig. 7(b) showed the distribution of the three indices at different healing days. The areas of this plot representing the earlier stage were located close to the origin, whereas the points corresponding to longer healing times were further from the origin. At the early stage of wound healing, the wound closure percentage and SHG intensity of collagen were lower, and the attenuation coefficient of the wound was the largest. At the last stage of healing, the wound closure percentage and SHG intensity of collagen were both high, and the attenuation coefficient was the lowest.
Discussion
To improve upon the immunohistochemical methods that are traditionally used to monitor wounds, we explored the use of SHG and OCT imaging technologies. The epidermis and collagen fibres of the reconstructed skin around the wounds were readily distinguished from the normal skin using the combination of the two imaging techniques, and this combination was compared with the standard destructive histopathological imaging technique. The results of H&E and Masson staining showed the regeneration and maturity of the epidermis and dermis, including the collagen fibres, hair follicles, sebaceous gland and sweat gland accessory structure [7] , [8] , [25] . Next, the SHG information that clearly corresponded to wound regeneration was used to analyse the newly formed collagen fibres using Image J [24] , [25] However, OCT imaging showed the change trend of the optical characteristics of the wound during the healing process, which was easier to understand [29] , [30] .
The SHG results showed that tissue could be visualized clearly without additional staining and that this technique could be used as a supporting method with traditional methods for assessing wound healing [23] . The collagen fibres became increasingly dense and coiled together [24] . A very weak collagen SHG signal intensity was detected during the first few days of wound healing. At day 28, the SHG signal was very strong but still differed significantly from that of normal skin. This finding indicates that SHG could be an extremely useful method of determining the morphology during collagen regeneration and remodeling [31] , [32] , thus providing an important reference point for monitoring the wound healing process.
OCT provided continuous imaging of trauma and healing and could provide information about the regenerating tissue structure in the wound area. Furthermore, OCT could be used as a feasible tool to monitor the structural characteristics of wound healing by detecting the presence of the epidermal layer and could provide non-invasive tracking of the re-epithelialization of wounds. From the OCT images of the wounds of healing days 3, 5, 7, 14, 21 and 28 and normal skin, the light attenuation coefficients were extracted using the single-scattering OCT model [18] . The light attenuation coefficient of normal skin was approximately 4.14 mm-1, and for the wound tissue on day 3, this value increased to 7.17 ± 0.29 mm-1. It is likely that the increased reflectivity of the scab and dehydrated wound tissue led to the increase in the scattering coefficient and the resulting increase in the light attenuation coefficient. Similar attenuation coefficients were found on days 5 and 7. The light attenuation coefficient decreased on days 14, 21 and 28. The scab fell off, the wound was gradually repaired, the newly formed collagen fibre reorganized, and the original arrangement of the collagen fibers was restored; all of these events led to changes in the light attenuation coefficient.
Among these events, the light attenuation coefficients of the wounds on day 28 were restored to the original values of the normal skin because the epidermis and dermis recovered, and the new collagen fibres were restored [33] . In this study, we used the OCT system to monitor normal skin and wounds during the healing process. We noted that the distribution of light in normal skin tissue was uniform but became uneven in the wound; after the repair was completed, the light distribution became uniform again. Changes in the light attenuation coefficient are possibly caused by changes in the skin and dermis of the skin before and after the injury and repair of the skin [18] , [19] . When skin damage occurs, the attenuation coefficient increases due to calluses, which were produced by epidermal and dermal defects. In scabs, the melanin and red pigment of the epidermis increased considerably, and lesions form in the vasculature, among other changes [34] . These changes could cause the absorption coefficient to increase greatly, so the corresponding attenuation coefficient would also substantially increase. This finding was consistent with previous obtained results [35] . These changes could provide a theoretical basis regarding how to use OCT to monitor skin trauma and evaluate changes in the optical signal intensity of newly formed extracellular matrix (ECM) in the future [36] - [38] .
Notably, the wound closure percentage showed a significantly positive correlation with the SHG intensity of collagen but a significant negative correlation with the attenuation coefficient of the wounds (the SHG intensity of collagen was also negatively correlated with the attenuation coefficient). The linear correlation coefficients between the wound closure percentage and the SHG intensity of collagen, between the closure percentage and the attenuation coefficient of the wounds, and between the SHG intensity of collagen and the attenuation coefficient of the wounds were 0.944, 0.9776 and 0.9354, respectively. This finding showed that the correlation between any two of the three indicators was very good. Thus, it was feasible in theory that the SHG intensity of collagen and the attenuation coefficient of the wound could be used instead of the wound closure percentage to characterize wound healing. These results fully demonstrated that the combined use of SHG and OCT was a powerful tool for the label-free monitoring and evaluation of the effects of wound healing. These technologies would help improve the efficiency of clinical trials.
Conclusion
Convenient methods for evaluating wound healing could facilitate the rapid selection of effective treatments. In this study, we explored the combined use of SHG and OCT to monitor various aspects of wound healing. To accomplish this, we monitored wounds using OCT and SHG on various healing days. We also detected OCT signal and attenuation coefficient changes in wounds before and after trauma, as well as real-time collagen deposition using SHG. We found that the collagen SHG signal intensity and the attenuation coefficient could feasibly replace the wound closure percentage for evaluating wound healing.
